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The illumination of monolayer transition metal dichalcogenides can dynamically photoionize
donor centers, increasing the concentration of free carriers. Here, we investigate the effect of such
photodoping on the interlayer exciton formed across a MoS2/MoSe2/MoS2 heterostructure. We first
identify the photodoping effect by monitoring the increase in the trion dissociation energy,
accompanied by a characteristic tuning of the exciton/trion photoluminescence (PL) intensity ratio
in MoSe2 upon exposure to laser light. At the same time, the PL intensity of the interlayer exciton
significantly decreases, while the combined PL intensity of the exciton and the trion in MoSe2 is
enhanced, showing that the interlayer charge transfer can be controlled by the doping level. This
effect is persistent on a timescale of several hours, provided that the sample is maintained under
vacuum, suggesting a mechanism involving laser induced desorption of molecules physisorbed on
the surface of the heterostructure. This hypothesis is supported by the observation of a significantly
faster photodoping effect when the sample is excited with a pulsed laser with the same average
power. Published by AIP Publishing. https://doi.org/10.1063/1.5043098
Currently, van der Waals heterostructures are intensively
investigated both from a fundamental science point of view
and to overcome the limitations inherent to their constituent
monolayers.1,2 The rich choice of building blocks allows one
to tailor the electronic and optical properties of the van der
Waals stacks. Sandwiching monolayer transition metal dichal-
cogenide (TMD) between hexagonal boron nitride (hBN) dra-
matically improves the optical properties with a line width of
the excitonic transition close to the homogeneous broadening
limit,3,4 which allowed the investigation of the dark exciton
fine structure.5 In addition, the excitonic properties of TMD
monolayers can be conveniently tailored by an appropriate
choice of the surrounding dielectric environment.6–9
van der Waals heterostructures based on semiconducting
TMDs exhibit type II band alignment,10,11 which favors a
charge transfer with a spatial separation of the photocreated
electron-hole pairs in different layers,12–14 leading to the for-
mation of interlayer excitons. The reduced spatial overlap of
the electron-hole wave functions results in a large enhance-
ment (by as much as five order of magnitudes) of the inter-
layer exciton and valley polarization lifetimes.15–21 The long
radiative and valley lifetimes of interlayer excitons (tens of
ns) make van der Waals heterostructures promising for their
use in advanced valleytronic devices.2 To achieve this goal,
a thorough understanding of the physics of the interlayer
exciton is essential. Recent results demonstrate that it is pos-
sible to tune the interlayer coupling by changing the relative
orientation of the monolayers.22 Moreover, the moire pat-
tern, formed due to the lattice mismatch between the two
monolayers, introduces a fluctuating potential landscape for
the interlayer exciton, which can influence the valley polari-
zation.23–25 In a gated heterostructure, the interlayer exciton
valley polarization and emission intensity can be further
manipulated by applying an electric field,20 suggesting a
strong impact of the carrier concentration26,27 on the inter-
layer exciton photoluminescence (PL). Photodoping, based
on the dynamic photoionization of impurities or defects, e.g.,
chalcogen vacancies which act as donor impurities,28 dan-
gling bonds in the substrate or absorbants,28,29 represents an
alternative way to tune the carrier concentration via optical
excitation. This effect, which has been extensively investi-
gated in monolayer TMDs,3,30–32 has not been addressed for
the case of intra- and interlayer excitons in van der Waals
heterostructures.
In this work, we study the influence of prolonged laser
exposure on the PL of the intra- and interlayer excitons formed
in a MoS2/MoSe2/MoS2 heterostructure prepared by a wet
transfer method from chemical vapor deposition (CVD)-grown
monolayers.33 Upon laser exposure, we observe a persistent
photodoping, where the excess free carriers (electrons) tune the
PL intensity ratio of the exciton and the trion of MoSe2, accom-
panied by an increase in MoSe2 trion dissociation energy. At
the same time, the photodoping tends to reduce the PL intensity
of the interlayer exciton. This is in contrast to the evolution of
the MoSe2 PL intensity, with the combined integrated intensity
of the exciton and trion emissions increasing with increasinga)Electronic mail: paulina.plochocka@lncmi.cnrs.fr
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doping level. This suggests that prolonged exposure to laser
light contrasts the charge transfer between the layers, possi-
bly due to an induced built-in electric field. This effect is
sustainable on a timescale of several hours, provided that
the sample is maintained under vacuum, suggesting a mech-
anism involving laser induced desorption of molecules (e.g.,
water or oxygen) physisorbed on the surface of the TMDs.
Our results show that the interlayer emission and the charge
transfer can be controlled by the doping level in van der
Waals heterostructures.
Our MoS2/MoSe2/MoS2 heterostructures [see Fig. 1(a)
for a micrograph] consist of single layer MoSe2 flakes sand-
wiched between single layers of MoS2. The CVD growth of
the monolayers34,35 and their stacking33 have been described
elsewhere. The substrate was mounted on the cold finger of a
He-flow cryostat and all the measurements have been per-
formed at T 5 K with the sample in vacuum. The PL was
excited with a laser focused via a 50, long working distance
microscope objective with a numerical aperture of 0.55, giv-
ing an estimated spot size of 1 lm. We excited the PL with
either a CW frequency-doubled solid-state laser emitting at
532 nm or the frequency-doubled output of an optical para-
metric oscillator, synchronously pumped by a mode-locked
Ti-sapphire laser. The temporal pulse width is typically 300
fs, with a repetition rate of 80 MHz. The PL signal from the
sample was collected through the same objective and detected
by a spectrometer equipped with a liquid nitrogen cooled
CCD camera. The laser power was measured using a power-
meter placed in front of the microscope objective.
We have investigated the influence of prolonged CW
laser illumination (50 lW power) on the emission spectrum
of the MoS2/MoSe2/MoS2 trilayer by acquiring PL spectra at
regular time intervals. The first spectrum was acquired
immediately after the sample was exposed to light. Typical
PL spectra measured after different exposure times are pre-
sented in Fig. 1(b). The spectra are characterized by three
main emission peaks, attributed to the emission of the trion
(T) and the neutral exciton (X) of MoSe2 and the interlayer
exciton (IX) formed across the MoS2/MoSe2 heterostruc-
ture.15,21,33 The sharp peak observed on the low energy side
of the MoSe2 trion could be related to three-dimensionally
confined excitons.36 The intensity (determined by fitting with
Gaussian functions) of the excitonic peaks changes over time.
The intensity of the charged exciton emission increases by
around 50%, while the intensity of the neutral exciton emis-
sion remains more or less unchanged, as illustrated in Fig.
1(d). In contrast, the intensity of the interlayer exciton emis-
sion drops by a factor of four, as shown in Fig. 1(f). The grad-
ual increase in the relative intensity of the trion with respect
to the exciton, displayed in Fig. 1(e), points to the gradual
enhancement of the free carrier concentration, due to photo-
doping,32,37 which increases the probability to form trions.
MoSe2 and MoS2 are naturally n-doped;
28,38,39 thus, the
observed monotonous increase in the trion intensity over time
suggests that the photocreated free carriers are electrons.
Another fingerprint of the light induced change in the
carrier concentration is the temporal evolution of the trion
dissociation energy, defined as the energy difference between
exciton and trion emissions. This quantity is the sum of the
trion binding energy ETB (in the absence of other electrons)
and the Fermi energy EF measured from the bottom of the
conduction band, EX  ET ¼ ETB þ EF.
40 The linear increase
in the trion dissociation energy with time, shown in Fig. 1(c),
reflects the upshift of the Fermi level, as the carrier density
increases with time.30–32,37
In a heterostructure with type II band alignment,10,41 the
observation of the negatively charged exciton emission from
MoSe2 can be counterintuitive because, in the steady state,
all electrons are expected to relax to MoS2. Our observations
suggest that the free carriers and excitons are photoexcited
simultaneously. The short radiative lifetime of intralayer
excitons in TMDs,42–45 together with rapid trion forma-
tion,46,47 allows a significant proportion of the excitons and
trions to recombine before the charge transfer. The presence
of free electrons in MoSe2 is related to the photoionization
of donors present in this material, similarly to WS2.
30,31
Several mechanisms, such as light induced vacancy cre-
ation, ionization of intrinsic donors, or charges trapped by
the substrate, are considered to be responsible for photodop-
ing in TMDs.3,29,31,32,48,49 Moreover, CVD grown TMDs are
FIG. 1. (a) Micrograph of one of the
investigated trilayers. (b) Low temper-
ature PL spectra acquired after the
indicated laser exposure times, show-
ing charged (T) and neutral (X) exciton
emissions from MoSe2, together with
emission of the interlayer exciton (IX).
Temporal evolution of the (c) trion dis-
sociation energy (the continuous line is
a linear fit), (d) integrated PL intensity
of the charged and neutral excitons,
(e) intensity ratio of the neutral and
charged excitons, and (f) combined
integrated intensity of exciton (XþT)
and integrated intensity of the inter-
layer exciton.
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known to host a large concentration of chalcogen vacan-
cies,50 which act as donors.28 In our heterostructures, the Se
vacancies in MoSe2 are partially filled by a defect-healing
transfer of S atoms from MoS2.
33 However, the unsaturated
vacancies might supply free electrons upon illumination,
which leads to the observed photodoping. It is important to
note that the observed changes in the sample are persistent,
suggesting that prolonged exposure to laser light increases
the number of photoionization centers.
The relative intensity between the neutral and charged
excitons does not change even after hours in dark, provided
that the sample is kept under vacuum. However, the trion-to-
exciton intensity ratio observed before exposure to laser light
is recovered after the sample is exposed to air at room tem-
perature. This can be explained considering the physisorp-
tion of H2O and O2 molecules to TMDs. These two species
bind to the chalcogen vacancies with a binding energy of
100 meV and deplete the naturally n-doped TMDs of elec-
trons.29,48 Upon laser illumination, photogenerated holes
neutralize the adsorbed species, leading to their photodesorp-
tion.51,52 This explains the gradual increase in the free carrier
concentration, which leads to the behavior summarized in
Fig. 1.
In Fig. 1(f), we plot the combined integrated intensity of
the charged and neutral excitons (XþT) as a function of time.
In contrast to isolated monolayers,3,30 the PL intensity of intra-
layer excitonic species slightly increases with increasing dop-
ing. This is consistent with a reduced charge transfer rate with
increasing doping level, which also accounts for the decrease
in the interlayer exciton emission intensity with increasing
doping. This effect might be exploited to optically control the
efficiency of interlayer charge transfer by tuning the doping
level in TMD-based van der Waals heterostructures. The rela-
tive weight of the intralayer to interlayer emission intensity
can also be controlled electrostatically, as demonstrated in a
p-n junction consisting of a TMD heterobilayer.53
We tentatively ascribe the decreasing charge transfer
efficiency to the creation of a built-in electric field, possibly
linked with the desorption of water and oxygen molecules
from the surface of the TMD stack. This scenario is also con-
sistent with the observed blue shift of the PL peak energy of
the interlayer exciton measured at high excitation power
(P¼ 200 lW). A comparison of the PL spectrum of the inter-
layer exciton at the beginning and at the end of the exposure
to the laser light is shown in Fig. 2(a), where the 6 meV
blue shift is highlighted. The global temporal dependence of
the energy of the interlayer exciton transition, determined
using the center of mass approach,54 which yields results
equivalent to Gaussian fitting,21 is illustrated in Fig. 2(b).
This trend is similar to the observed blue shift of the indirect
exciton transition in type II quantum wells with increasing
excitation power,55,56 which results from large electric fields
generated at high carrier concentrations. It is also in agree-
ment with the recently observed drop in the emission inten-
sity of the interlayer excitons in gated heterostructures both
for n- and p-type doping.57
Pulsed excitation has been reported to have a dramatic
impact on the PL of intralayer excitons, with a rapid and
complete suppression of the intralayer exciton emission
accompanied by a radical modification of its line shape.3 To
investigate the effects of different excitation conditions on
the PL intensity of the interlayer exciton we monitored its
temporal evolution exciting at 25 and 200 lW average
power, using both CW and pulsed lasers. In Fig. 3, we show
the temporal evolution of the PL intensity of the interlayer
exciton. While its PL intensity drops only marginally when
we excite with a CW laser at 25 lW, the effects of high exci-
tation power are more prominent. Pulsed excitation sup-
presses the PL of the interlayer exciton more efficiently: an
average power of 200 lW almost completely quenches
the interlayer exciton emission after an exposure of 30 min.
The peak power of the pulsed laser (’830 W for 200 lW
average power) creates a large density of carriers, which
leads to more efficient photodesorption51,52 of the physi-
sorbed gas molecules.
In conclusion, we have investigated the effects of persis-
tent photodoping on the exciton emission in a MoS2/MoSe2/
MoS2 heterostructure. Prolonged exposure to laser light
increases the number of photoionization centers present, per-
sistently increasing the photodoping effect (number of
dynamically photoionized electrons in the conduction band),
provided that the sample is kept under vacuum. This suggests
FIG. 2. (a) PL spectra of the interlayer exciton at the beginning and end of
the exposure to a high power laser. (b) Temporal evolution of the energy of
the interlayer exciton PL at high excitation power.
FIG. 3. Temporal evolution of the PL intensity of the interlayer exciton at
different excitation powers under both CW and pulsed excitation.
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that the effect is linked with laser induced desorption of
water or oxygen molecules from the surface. The impact of
the free carrier concentration on the interlayer emission
might represent a possible step towards the control of the
charge transfer rate in van der Waals heterostructures. If a
more stable electrostatic environment is desired, doping fol-
lowing laser illumination can be prevented by encapsulating
the van der Waals heterostructure in hBN.58
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